Background: Understanding clinical reasoning is a major challenge in medical education research. Little is known about the influence of scaffolding and feedback on the clinical reasoning of medical students. The aim of this study was to measure the effects of problem representation (cognitive representation of a clinical case) and structured scaffolding for reflection with or without feedback on the diagnostic efficiency and characterization of diagnostic errors of medical students. Methods: One hundred and forty-eight advanced medical students were randomly assigned to one of five groups (2 × 2 design with a control group). They worked on 15 virtual clinical cases (five learning cases, five initial assessment cases, and five delayed assessment cases) in an electronic learning environment. After each case, they stated their presumed diagnosis and explained their diagnostic conclusion. Diagnostic accuracy, efficiency, and error distribution were analyzed. Results: The diagnostic accuracy (number of correctly solved cases) and efficiency (solved cases/total time) did not differ significantly between any of the groups in the
Introduction
Inadequate clinical reasoning can lead to errors in daily clinical practice [1] and impact patient safety [1, 2] . In an earlier study, our group found that about 50% of diagnoses made by intermediate and advanced medical students working with virtual patients were incorrect [3] . Diagnostic errors made by medical students were divided into eight different categories [3] : errors caused by a lack of diagnostic skills, lack of knowledge, premature closure, misidentification, faulty context generation, faulty triggering, over-and underestimating, and no hypothesis. The first three were the most common errors.
To improve the clinical reasoning process of students and decrease the rate of misdiagnoses, different instructional approaches have been tested. Instructions that help students approach clinical cases are defined as scaffolding [4, 5] . Scaffolding during the diagnostic process seems to improve clinical reasoning, although the results are contradictory.
One type of scaffold is a representation prompt. Representations (or case summaries) can help students and experts to solve clinical cases [4, 6, 7] , and practicing representations while diagnosing cases correlates with a correct solution [8] . In a previous study, we used representation prompts to foster clinical reasoning by medical students [4, 9] . Students were prompted to imagine a ward round setting and write down how they would present their patient to a colleague. Representation improved students' diagnostic efficiency but did not improve accuracy.
Structured reflection is another type of scaffold. One such approach is to ask participants to think about the three most-likely diagnoses in a case and to write down all the information that supports and refuses their diagnoses. They are also asked to think about information that is missing in the case but would support their differential diagnoses [10] . Structured reflection can foster the diagnostic accuracy of medical students (including at a 1-week delayed assessment) [10] but these results are not seen in all studies [11] . It is unknown how structured reflection might affect the time spent on a case and if the causes of diagnostic errors are influenced by structured reflection.
While there have been many studies on structured reflection and feedback (on diagnosis) and a few studies on representation, no data are available about the effects of representation scaffolds in combination with feedback. Also, the long-term effects of representation scaffolds have not been tested. Finally, there is no direct comparison of the effects of representation and reflection. Another important aspect in daily clinical practice is diagnostic efficiency. Due to limited time and resources in daily clinical practice, it is crucial to diagnose efficiently. Diagnostic efficiency can be defined as the number of (correctly) solved cases divided by the time needed for diagnosis [4] . Representation scaffolds can improve diagnostic efficiency in certain settings but it is unclear how feedback and structured reflection influence it.
Based on the literature and previous studies, we hypothesize the following: 1. Scaffolding with feedback is superior to scaffolding without feedback in improving diagnostic accuracy. 2. Representation scaffolding in a learning phase should lead to a more efficient diagnostic process in an immediate and delayed assessment than a reflection scaffold. 3. Reflection scaffolding is superior to representation scaffolding for improving diagnostic accuracy. The effects of structured reflection are still measurable with 1-week delay. 4. Both scaffolding methods (with or without feedback) are superior to a control group regarding diagnostic accuracy, efficiency, and rate of premature closure.
We chose a 2 × 2 design (representation or reflection scaffold with or without feedback) with a control group (no scaffold and no feedback) in a prospective, randomized, double-blinded setting to answer these questions.
Materials and methods

Participants
One hundred and fifty fourth and fifth year medical students from different medical schools in Germany who had successfully completed their courses in internal medicine participated in this study in June 2017. Participants received €30 for participating. Informed consent was obtained from all individuals included in this study. The study was approved by the Ethical Committee of the Medical Faculty of LMU Munich (No. 75-16).
Study design
Participants were randomly assigned to one of five groups (each n = 30): a representation scaffold group (R0), a representation scaffold group with feedback (RF), a structured reflection group (S0), a structured reflection group with feedback (SF), and a control group (00). All participants analyzed five learning cases except the control group which immediately started working on the assessment cases. After the learning phase, the four intervention groups completed assessment 1 (five cases) and after 1 week, assessment 2 (five cases). The dependent variables were: accuracy (binary variable of correct or incorrect diagnosis), time on task (tracked by the electronic learning platform CASUS) [12] , and diagnostic efficiency (correct diagnoses divided by time spent on task). The nature of diagnostic errors was assessed by coding students' written explanations and by tracking and analyzing the diagnostic steps as published previously [3] . One investigator (KB) coded all the explanations. A second rater (LB) coded 15% of the explanations. The interrater coefficient analyzed with Cohen's kappa was k = 0.88. Both raters were blind to the group assignment. Both were familiar with the cases and with the coding scheme from the earlier study [3] . First, a prototypical error for all eight categories was defined. The raters read the explanations and any errors were assigned to one of eight categories. Figure 1 shows the course of the study. First, students were randomly assigned to one of the five groups. After an introduction video (which explained how to proceed through the cases and how the diagnostic tests can be selected), the students completed a questionnaire regarding socio-demographic characteristics. They also completed a pre-test on knowledge about dyspnea (consisting of 15 single-choice questions). They then worked within the electronic case simulation platform CASUS [12] on 15 clinical cases. All cases were structured identically. They started with a history including the chief complaint, history of present illness, medical history, and medication and drug use. This was followed by a full and standardized physical examination. Subsequently, participants could freely select among 10 diagnostic tests from a patient record in each case. The case history was compatible with at least three diagnoses. The contents of each patient record supported one diagnosis but the records also purposely included incidental and distracting findings such as slightly elevated laboratory parameters. The patient record information was well-matched to the pre-existing conditions and comorbidities of the patients [e.g. poor lung function in a patient with chronic obstructive pulmonary disease (COPD) as pre-existing illness]. The time spent analyzing information was not restricted. Finally, participants were free to decide when to close the case by naming and explaining their final diagnosis. The cases were developed by the study authors LB and KB based on anonymized material from real cases and were reviewed by four physicians. Diagnostic accuracy was binary coded (correct or incorrect) according to an expert solution of the case that was determined in advance. In a pilot phase, 10 students tested the feasibility of the study procedure and assessed the difficulty of the cases.
Virtual patients
Medical encounters
The cases in the learning phase pertained to dyspnea (see Figure 2) . In assessment 1, two of the cases carried the identical diagnosis as in the learning phase. Another two of the cases shared possible differential diagnosis with the cases in the learning phase (myocarditis→heart failure, asthma→hyperventilation). The final case had abdominal pain as the primary symptom. In assessment 2, two cases had the same diagnosis as in the learning phase, two cases shared differential diagnoses, and one case had different content.
Scaffolding
In the representation scaffold (R) group, the CASUS system interrupted case processing after the medical history, physical exam, and initial test results with the following case representation prompt: "Please sum up the case in 1-2 sentences as you would present it to your attending expert." [4] In the structured reflection (S) group, the case processing was also interrupted at the same stage. Students had to write down their leading diagnosis and their differential diagnoses and had to explain which information supported their diagnosis and which information was contrary to it [10] .
Feedback
The feedback groups received a standardized feedback after giving their diagnosis in each case. The feedback was identically structured for all five cases: about 100 words long, explaining the important symptoms of the history and the key findings of the physical examination in addition to an explanation about the important diagnostic tests and important differential diagnoses (see Appendix). The nofeedback groups did not receive feedback or the correct solutions of the cases.
Statistics
In an a priori power analysis for chi-squared (χ 2 ) tests with df = 4, we calculated that overall at least 100 participants should be tested in order to find a difference between the groups, assuming a small to medium effect (power: 1 − β = 0.80, Type I error: α = 0.05, Cohen's d = 0.4). Gaussian distribution was tested by the Kolmogorov-Smirnov test. Due to a lack of normal distribution, differences between groups were tested by the Kruskal-Wallis test. p-Values were adjusted with the Bonferroni method, and p-values of ≤0.006 were considered to indicate statistical significance. • Asthma attack 
Results
Characterization of the participants and learning phase
One hundred and forty-eight of 150 participants (108 women) processed all cases and were included in the data analysis. Table 1 shows the characteristics of the study population. There were no statistically significant differences between the five groups' demographic variables. Prior knowledge with respect to dyspnea did not differ between the groups [χ 2 (4) = 4.81, p = 0.31]. The learning time (see Table 2 
Assessment: accuracy, efficiency, and diagnostic errors
Structured reflection is not superior to representation scaffold and is not superior to control (no scaffolding) with respect to accuracy ( Table 3 ). All groups solved the same number of cases correctly [between 2.2 and 3.3 cases in the first assessment, χ 2 (4) = 8.40, p = 0.08]. The assessment cases that had the same diagnoses as the cases in the learning phase were not solved more often by the scaffolding groups. The accuracy in all 15 cases is shown in Table 4 . (SD = 14) , the other groups just needed between 24 and 30 min (SD = 10-18) (see Table 5 ).
The diagnostic error distribution was different between groups (Table 3) . Participants misdiagnosed 814 out of 2080 cases. In the first assessment, the error distribution differed between the groups. A lack of skills was the most common error in the two scaffolding groups without feedback. In the groups with feedback, misidentification and premature closure were the most frequent causes for diagnostic errors. In the control group, multiple error types were equally frequent. The most common diagnostic errors with regard to the medical content are shown in Table 6 .
In assessment 2 (after a 1-week interval from assessment 1), the accuracy was similar in all groups [χ 2 (4) = 5.21, p = 0.27] as was diagnostic efficiency [χ 2 (4) = 4.70, p = 0.32]. Regarding time on task, the differences seen with the first assessment were no longer apparent [χ 2 (4) = 2.52, p = 0.64]: All groups needed between 30 and 36 min (SD = 7-20) to solve the cases. In assessment 2, the most important errors in all five groups were a lack of knowledge and premature closure ( Table 7) .
Discussion
Result 1: Structured reflection is not superior to representation scaffold and not superior to control with respect to accuracy While the degree of difficulty was sufficient to detect differences between the groups, diagnostic accuracy was similar across conditions. Neither representation nor structured reflections with or without feedback improved diagnostic accuracy. Why? There are many variables that can influence diagnostic accuracy and only a few of them are modified by scaffolding. To solve clinical cases, an adequate knowledge base [14] , good diagnostic skills (e.g. interpretation of an electrocardiogram), and the correct interpretation and combination of clinical findings are obligatory [15] . The feedback did not improve diagnostic accuracy. It is possible that the feedback was too short, too standardized, or that the students did not pay enough attention to it. Feedback has not been consistently effective in improving diagnostic accuracy [16] . Representation scaffolds and structured reflections did not improve diagnostic accuracy in the case scenarios we used. This corresponds to findings from other studies, which showed that groups which received instructional interventions are not more accurate than those that wrote down their first diagnostic idea [11] . In a previous study, representation did not improve accuracy but did improve the diagnostic efficiency of medical students [4] . The different results compared to another study [10] which studied the effects of reflection might be explained by a different degree of complexity of the cases. Our cases were quite complex, as they included 10 different diagnostic tests and distractors. In addition, our participants received the structured reflection prompt twice during case processing, while in the other study, the students used structured reflection only once at the end of the case.
Result 2: Representation scaffold is not superior to structured reflection and control with respect to efficiency
The time spent on the assessment cases was shorter in the scaffolding groups, but the shorter time on task did not translate into less accuracy. It has been shown that time pressure leads to less diagnostic accuracy [17] , but simply solving cases faster without external pressure to do so does not cause more diagnostic errors.
The habituation to the learning environment in the learning phase may explain the shorter time on case in the scaffolding groups. The control group was as fast as the other groups in the second assessment. It is possible that it is not the interventions themselves but rather the learning with cases is helpful to decrease the time spent on a case. R0, representation scaffold without feedback; RF, representation scaffold group with feedback; S0, structured reflection without feedback; SF, structured reflection group with feedback; 00, control group Efficiency = cases/total time. p-Value between groups. Skills = lack of skills, underestimating = over-and underestimating, faulty context = faulty context generation, knowledge = a lack of knowledge.
Result 3: Diagnostic error distribution is different between groups
The distribution of the diagnostic errors was modified by the scaffolding in the first assessment. Groups that received feedback made more errors due to premature closure and misidentification. It is possible that the feedback led to increased confidence so that the students felt quite sure about their diagnoses in the assessments. Blissett and Sibbald pointed out that "collecting limited information may be described as efficient when the diagnosis is correct and as PCB (premature closure bias) when the diagnosis is incorrect" [18] . We could not show an association between premature closure and time on task or efficiency in our study. The groups that received scaffolding and feedback misdiagnosed the most due to premature closure. In our study, students tend to collect almost all of the offered information, but information that is contradictory to their initial diagnosis cannot correct their diagnostic conclusions.
In the second assessment, the scaffolding did not influence the distribution of errors but specific cases were associated with certain kinds of errors. Diagnostic errors are at least partly content-dependent [3] . This finding might be useful for further studies. If certain cases are associated with certain errors (for example, premature closure), those cases could be used for teaching purposes. Similar to the time spent on the cases, the effects on diagnostic error distribution were not reproduced in the second assessment.
Limitations
As we used a laboratory setting with only one short intervention, we cannot comment on the transfer into educational field conditions. The feedback may not have been extensive enough to improve diagnostic performance. These scaffolding methods might be helpful in other expertise levels [19] .
Conclusions and outlook
This is the first study that compared representation and reflection scaffolds and the influence of feedback on clinical reasoning in comparison to a control group.
All interventions failed to improve accuracy and efficiency in immediate and delayed assessment. This is an important finding: scaffolding methods, which have been successful in certain cases and settings, are not automatically effective in cases of a different complexity. The efficacy of scaffolding is likely influenced by the learner and the case. There is a lack of knowledge on how to adapt scaffolding to these circumstances. Prospective studies are needed to observe the influence of long-lasting courses with scaffolding. It remains unclear if the causes for diagnostic errors can be influenced by scaffolding.
In further studies, longer interventions and cases of differing complexity should be utilized.
In summary, in this randomized, controlled laboratory study of clinical reasoning in fourth and fifth year medical students, representation and reflection scaffolds did not improve diagnostic accuracy or reduce premature closure.
ECG
Lab tests
Neurological consultation
Awake, fully oriented, cognitively inconspicuous 61-yearold patient with adequate verbal response.
No focal neurological deficit recognizable. 
Sonography
Liver: image quality good. Size, normal, surface: smooth, echo pattern: condensed, no sound attenuation, vessel structures: normal, low-grade fat deposits (ICD-K76.0).
Gallbladder: well assessable, orthotopic, inconspicuous wall conditions, intraluminally no pathological echo structures, normal organ size.
Pancreas: body can be assessed with limited sensitivity, head and tail cannot be assessed during meteorism. Shape/contour: smooth, echo pattern: hypoechoic, pancreatic duct unrepresentable.
Spleen: Well assessable, normal size, echonormal homogenous internal reflex pattern, no focal changes, hilum free. Organ size: 105 mm × 59 mm × 42 mm, volume 136 mL.
Right kidney: easy to assess, orthotopic position, normal organ size, normal shape, age-related parenchyma, smooth organ contour, no urinary retention, no concrements. Size: 93 mm × 55 mm × 40 mm, volume 107 mL.
Left kidney: Well assessable, orthotopic position, normal organ size, normal shape, age-related parenchyma, smooth organ contour, no urinary retention, no concrements. Size: 94 mm × 50 mm × 37 mm, volume 91 mL.
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